Radical cystectomy (RC) with lymphadenectomy is the standard-of-care treatment for high-risk urothelial carcinoma of the bladder (UCB) ([@bib26]; [@bib19]; [@bib9]). However, approximately 40--50% of patients experience disease recurrence within 5 years post-RC and ultimately die ([@bib26]; [@bib19]; [@bib9]). To lower this risk, adjuvant chemotherapy has been advocated for patients with pT4 and/or lymph node positive (N+) disease because of their generally poor prognosis ([@bib1]; [@bib30]). Conversely, the use of adjuvant chemotherapy in patients with organ-confined and/or non-metastatic tumour invasion into perivesical soft tissue UCB (i.e., ⩽pT3N0) remains intensely debated. This is largely due to the highly variable prognosis in this group, with up to 70% pT1-3N0 patients being cured with RC and bilateral lymphadenectomy ([@bib26]; [@bib19], [@bib23], [@bib16]; [@bib9]). Indeed, as the morbidity associated with adjuvant chemotherapy is not trivial, patients and clinicians need better risk stratification of pT1-3N0 UCB to ensure that treatment is directed toward those who need it most and are most likely to benefit from it.

To help in the clinical decision-making process of UCB patients, we and others have developed prediction tools in the hope of improving patient counselling, rational delivery of adjuvant therapies, and clinical trial design ([@bib2]; [@bib10], [@bib11]; [@bib18]). These tools were externally validated and outperformed TNM stage-based predictions ([@bib31]; [@bib14]). However, their utility has been hampered by the heterogeneity of the cohorts used to build the tools (various histologies [@bib2], use of neoadjuvant and adjuvant chemotherapy ([@bib2]; [@bib10]; [@bib18]), and failure to account for competing risks ([@bib20], [@bib22]). Because of the protracted course of UCB in some patients, prediction tools may need to take competing causes of mortality into consideration to allow more precise prediction in all patients. Indeed, in pT1-3N0 patients the risk of non-cancer-related death is high, and predictors of death overlap with predictors of the event of interest ([@bib16]). Predictions that account for competing risks are important to clinicians as well as to patients, especially when there is danger of over-treatment or sub-optimal treatment. The aim of the current study was to develop and validate prognostic tools that account for competing risks in order to facilitate clinical decision-making regarding observation *vs* adjuvant therapy in patients with pT1-3N0 UCB. We developed the models and validated them in European patients to ensure generalisability.

Material and methods
====================

Patients
--------

In this institutional review board-approved study, all participating sites provided necessary institutional data-sharing agreements before the initiation of the study. A total of 10 centres worldwide provided data; none of the data from these centres were used in the original nomogram studies ([@bib10]; [@bib18]). A computerised databank was generated for data transfer. After combining the data sets, reports were generated for each variable to identify data inconsistencies and other data integrity problems. Through regular communication with all sites, resolution of all identified anomalies was achieved before analysis. Before the final analysis, the database was frozen and the final data set was produced. From 1981 to 2008, 4160 patients underwent RC with bilateral lymphadenectomy. We excluded patients with pT0-pTa-pTis disease (*n*=515), pT4 disease (*n*=372), lymph node metastases (*n*=715), and those who received adjuvant chemotherapy (*n*=646). Overall, 2145 patients with pT1-3N0 UCB, who were chemotherapy-naive, were included in the analyses.

Pathological evaluation
-----------------------

All surgical specimens were processed according to standard pathological procedures at each institution. Tumours were staged according to the 2002 American Joint Committee on Cancer-Union Internationale Contre le Cancer TNM classification. Tumour grade was assessed according to the 1998 WHO/International Society of Urologic Pathology consensus classification. Lymphovascular invasion (LVI) was defined as the presence of tumour cells within an endothelium-lined space without underlying muscular walls ([@bib24]). Positive soft tissue surgical margin status (STSM) was defined as the presence of tumour at inked areas of soft tissue on the RC specimen ([@bib13]).

Follow-up
---------

Follow-up was performed according to institutional protocols. Patients were generally seen postoperatively at least every 3--4 months for the first year, semi-annually for the second year, and annually thereafter. Follow-up visits consisted of a physical examination and serum chemistry evaluation, including liver function tests and alkaline phosphatase when indicated. Diagnostic imaging of the upper tracts and chest radiography were performed at least annually or when clinically indicated. Additional radiographic evaluations were performed at the discretion of the treating physician. Disease recurrence was defined as tumour relapse in the operative field, regional lymph nodes, and/or distant metastasis; it excluded the upper tract and urethral UC occurrences. Cause of death was determined by treating physicians, by chart review corroborated by death certificates, or by death certificates alone. To reduce bias in attribution of cause of death, only patients who had bladder cancer listed in the death certificate were considered to have died of the disease for this study. All patients who were coded as having died of cancer had previous disease recurrence. Patients who died in the peri-operative period (i.e., within 30 days of surgery) were censored at time of death for cancer-specific survival analyses ([@bib15]). Follow-up was defined as the time between RC and death.

Statistical analyses
--------------------

The data set was split into 5 centres from North America (development cohort of 1067 patients) and 6 centres from Europe (validation cohort of 1078 patients). Recurrence-free and cancer-specific survival curves were generated using the Kaplan--Meier method. Univariable and multivariable Cox regression models addressed time to recurrence and cancer-specific mortality after RC. The full model comprised patient age, gender, pathological T-stage, grade, concomitant CIS, STSM, LVI, and the number of lymph nodes analysed. The reduced model comprised only the pathological T-stage, STSM, and LVI. We developed competing-risk nomograms for prediction of disease recurrence and cancer-specific mortality, applying conditional survival methodology ([@bib25]; [@bib28]). Internal and external validation of the nomogram were performed using methods described previously ([@bib21], [@bib22]). The nomograms were validated in three steps. The nomogram was developed in the North American development cohort. Internal validation with 200 bootstrap resamples was applied to the multivariable Cox regression coefficients of the nomogram predictor variables to quantify their discriminant ability according to the area under the receiver-operating characteristic curve (AUC). As our data were censored, we relied on the modification of the AUC for censored data by [@bib7]. Under the condition of censoring, the AUC describes the probability that given two randomly drawn patients, the patient who recurs first had a higher probability of disease recurrence or cancer-specific mortality ([@bib8]; [@bib12]). The second step of the nomogram validation consisted of a comparison between the nomogram-predicted and -observed probability of recurrence and cancer-specific mortality. This was plotted by using the val.surv S-Plus function devised for censored data. An ideal plot corresponds to a 45° line, in which the predicted probability parallels the observed rate of recurrence and cancer-specific mortality. In the third step of the validation process, we applied the nomogram to the European validation cohort. For this external validation cohort, the nomogram-predicted probability was compared with the actual follow-up, and the AUC was calculated for specific time points after RC. All reported *P*-values are two-sided and statistical significance was set at 0.05. All analyses were performed using the S-Plus Professional software package (version 1; MathSoft Inc., Seattle, WA, USA).

Results
=======

Clinico-pathological characteristics
------------------------------------

The clinico-pathological characteristics of the 1067 patients from the US development cohort and the 1078 patients from the European validation cohort are shown in [Table 1](#tbl1){ref-type="table"}. The patients of the development cohort had a higher proportion of concomitant CIS (*P*=0.01) and of STSM (*P*=0.02). Conversely, the patients of the validation cohort had a higher proportion of pT3 disease (*P*=0.01), high-grade disease (*P*=0.04), and LVI (*P*=0.02). Median follow-up was longer in the development cohort than in the validation cohort (*P*=0.001).

Oncologic outcomes
------------------

With a median follow-up of 45.2 months (mean 44.5; IQR 33.2), 581 patients (27%) experienced disease recurrence and 456 patients (21.2%) died from UCB. Actuarial recurrence-free survival estimates at 2, 5, and 7 years after RC were 73%±1 (s.e.), 68±1 and 66±1, respectively. Actuarial cancer-specific survival estimates at 2, 5, and 7 years after RC were 82%±1, 73±1, and 70±1, respectively.

Predictors of disease recurrence
--------------------------------

In univariable analyses, age, higher tumour stage (pT3), presence of grade 3, LVI, and presence of STSM were all associated with disease recurrence ([Table 2](#tbl2){ref-type="table"}). Assessment of univariable predictive accuracy (PA) estimates revealed that pT3 stage was the most informative predictor of disease recurrence (62.3%). Presence of LVI (60.1%) and STSM (55.2%) were the second and third most informative predictors, respectively. In multivariable analysis that adjusted for the effects of standard clinico-pathological features, higher pathological stage (pT3), presence of LVI, and presence of STSM remained independently associated with disease recurrence ([Table 2](#tbl2){ref-type="table"}).

The full model for prediction of disease recurrence based on patient age, gender, pathological T-stage, grade, concomitant CIS, STSM, LVI, and the number of lymph nodes analysed had a 64.9%, 61.9%, and 62.2% PA for disease recurrence at 2, 5, and 7 years, respectively. The reduced model, based on only pathological T-stage, STSM, and LVI had a PA of 67.4%, 65%, and 64.4% at 2, 5, and 7 years, respectively. Addition of LVI or STSM improved the accuracy of T-stage for prediction of disease recurrence by 1.4--3.1% (*P*⩽0.03). The model exhibited good calibration across the spectrum of predictions in internal validation, but exhibited minimal optimism in lower range of prediction in external validation (data not shown). We developed a competing-risk, conditional probability nomogram for predicting recurrence-free survival for the reduced multivariable model ([Figure 1](#fig1){ref-type="fig"}). By calculating the total number of risk points on the nomogram, one is able to calculate the 2, 5, and 7-year probabilities of recurrence-free survival.

Predictors of cancer-specific mortality
---------------------------------------

In univariable analyses, age, higher tumour stage (pT3), presence of grade 3, LVI, and STSM were all associated with cancer-specific mortality ([Table 3](#tbl3){ref-type="table"}). Assessment of univariable PA estimates revealed that pT3 stage was the most informative predictor of cancer-specific mortality (64.5%). Presence of LVI (60.3%) and STSM (57.2%) were the second and third most informative predictors, respectively. In multivariable analysis that adjusted for the effects of standard clinico-pathological features, higher pathological stage (pT3), LVI, and STSM remained independently associated with cancer-specific mortality ([Table 3](#tbl3){ref-type="table"}).

The full model had a 67.7%, 64.5%, and 65% PA for cancer-specific mortality at 2, 5, and 7 years, respectively. The reduced model presented had a PA of 69.3%, 66.4%, and 65.5% at 2, 5, and 7 years, respectively. Addition of LVI or STSM improved the accuracy of T-stage for prediction of cancer-specific mortality by 1.2--2.8% (*P*⩽0.04). Similar to the recurrence prediction, the model exhibited good calibration across the spectrum of predictions in internal validation but exhibited some optimism in external validation (data not shown). We developed competing-risk, conditional probability nomograms for predicting cancer-specific survival for the reduced multivariable model ([Figure 2](#fig2){ref-type="fig"}). External validation revealed minor overestimation ([Figure 3](#fig3){ref-type="fig"}).

Discussion
==========

We developed postoperative nomograms, integrating competing risks, and conditional probabilities for prediction of disease recurrence and cancer-specific mortality in chemotherapy-naive pT1-3N0 patients treated with RC. Nomograms currently represent the most accurate and discriminatory tools to predict probabilities of outcomes after RC ([@bib23]). The clinical utility (i.e., clinical decision-making regarding adjuvant chemotherapy) of previous published RC nomograms has been limited by their inclusion of all tumour stages (i.e., pT0-4, any N) of uncommon and/or extraneous histologies, and of patients receiving peri-operative chemotherapy ([@bib2]; [@bib10]; [@bib18]). To overcome these limitations, we developed nomograms that specifically address outcomes of patients with pT1-3N0 UCB, who did not receive peri-operative chemotherapy. As a significant proportion of pT1-3N0 patients are likely to die from non-cancer-related causes, we used competing-risk analyses ([@bib4]) to estimate the probability of cancer-specific mortality with higher accuracy. Our nomograms further incorporated conditional probabilities in order to allow accurate patient counselling not only in the immediate postoperative setting but also during the various stages of follow-up. A patient\'s probability of a future event changes over time; for example, a patient\'s risk of disease recurrence within 5 years after RC is higher the day after surgery than if the patient has no recurrence at 2 years. In UCB, as a patients\' prognosis is expected to improve with increasing disease-free interval, absence of adjustment for this variable results in an excessively somber estimate of cancer control over time. Therefore, we provide nomograms that adjust for the effect of disease-free interval following surgery. As expected, the predicted risk of disease recurrence decreases with increasing disease-free interval.

We found that the prognosis of RC patients with pT1-3N0 UCB can be predicted with reasonable accuracy (ranging from 64--69%). Although this rate could be considered moderate, it is within the range of performance of commonly used tools in the management of patients with prostate cancer ([@bib20], [@bib21]). Moreover, because of the highly heterogeneous outcomes of this specific patient group, it is very difficult for a clinician to prognosticate recurrence and survival. Currently, for example, only pT3N0 patients are considered for adjuvant chemotherapy. Although T-stage represents the strongest single predictor of outcomes in pT1-3N0 patients, addition of readily available pathological variables such as LVI and STSM improved the accuracy of our models by a statistically and prognostically significant margin ([@bib19]). Nevertheless, it is evident that even the best combination of standard clinico-pathological features is insufficient to achieve optimal prediction in pT1-3N0 UCB. Blood- and tissue-based biomarkers may represent a 'fast, easy, cheap, and powerful\' method to enhance the accuracy of the current multivariable prognostic/predictive tools. We and others have shown that integration of biomarkers improves the prediction of outcomes in pT1-3N0 UCB patients by a statistically and clinically substantial margin ([@bib6], [@bib5]; [@bib16]). There is no doubt that panels of biomarkers that capture the biological and clinical behaviour of each individual tumour will be necessary to serve as prognosticators, predictors, therapeutic targets, and/or surrogate end points in order to usher the much awaited personalised oncology. We internally validated the performance of our nomograms in the US population it was built on, and externally in an European population ([@bib15]). Differences in disease and population characteristics may undermine the discrimination and calibration of predictive tools when applied to a different population. Specific criteria used in defining the sample used to develop a prediction tool may not allow the use of tools for patients with different characteristics or who have been exposed to different treatment strategies. Indeed, there were several significant differences between the US and European pT1-3N0 patient cohorts (i.e., different rates of T3, high-grade, CIS, LVI, STSM). Therefore, external validation in different contemporary cohorts is necessary to ensure generalisability of prediction tools ([@bib20], [@bib21]).

Published studies have added to general knowledge of the best candidate for adjuvant chemotherapy after RC, but physicians and patients have few tools to help them translate this body of knowledge into individualised, evidence-based recommendations. Although the power from the published randomised adjuvant chemotherapy trials remains limited ([@bib1]; [@bib30]), patients with lymph node involvement or metastatic disease are usually counselled in favour of adjuvant chemotherapy, as it has been suggested to improve disease-free survival in this population ([@bib1]; [@bib30]; [@bib27]). In pT1-3N0 patients, the data is largely underpowered and insufficient to allow evidence-based clinical decision-making. Accurate prediction of outcomes in these patients may alleviate some of the quandary of practitioners and patients alike when faced with the potentially beneficial but toxic adjuvant therapy. Equipped with accurate prediction and a personalised clinical decision, patients are more likely to be confident in their treatment decisions and less likely to experience regret in the future ([@bib20], [@bib21]). Multivariable nomograms such as the one we propose currently represent the most accurate and widely used prediction tool in oncology ([@bib20], [@bib21]). Until better tools are available, our nomograms based on pT-stage, LVI, and STSM could help in the risk stratification of neoadjuvant chemotherapy-naive pT1-3N0 UCB patients for adjuvant chemotherapy after RC. Using decision analysis, [@bib29] recently demonstrated that nomograms can improve clinical decision-making regarding referral of patients with bladder cancer for adjuvant chemotherapy after RC. They found that nomograms outperformed current decision-making strategies based on T- and N-stage to determine which pT1-4 any N bladder cancer patient would benefit from adjuvant chemotherapy, taking into account drug effectiveness and tolerability. For example, using the nomogram to identify patients with a 25% risk of disease recurrence after surgery alone as an indication for adjuvant chemotherapy reduced unnecessary treatment by approximately 25% compared with the standard approach of using pathological stage criteria.

The current study suffers from several limitations. First and foremost are the limitations inherent to the retrospective multicentre study design. The population in this study underwent RC by multiple surgeons and had specimens evaluated by multiple pathologists. However, all surgeons operated at selected tertiary care centres with significant experience in UCB management, which might increase the external validity of the data compared with the single-centre, single-surgeon setting. In addition, we did not perform a centralised pathological review, which could have led to misinterpretations of pathological specimens and underreporting. However, whereas it may be preferable for a single pathologist specialising in genitourinary pathology to review each RC specimen, the present study reflects the real-world practice. Moreover, dedicated genitourinary pathologists examined all specimens. Finally, it may be argued that the patients in our database would currently be candidates for neoadjuvant chemotherapy, thereby questioning the current applicability of our data, which were generated from patients who did not receive peri-operative systemic chemotherapy. Despite the evidence regarding the efficacy of neoadjuvant chemotherapy, to date, only 9--22% of muscle-invasive UCB patients receive neoadjuvant chemotherapy before RC ([@bib3]).

Conclusions
-----------

Despite radical surgery with curative intent, a significant number of patients with pT1-3N0 UCB will experience disease recurrence and, ultimately, death. We developed competing-risk, conditional probability nomograms that predict the outcomes of chemotherapy-naive pT1-3N0 UCB patients with reasonable accuracy. We internally validated the nomograms in a US population and externally validated them in a European population. Such nomograms may improve the clinical decision-making process regarding adjuvant chemotherapy and may assist in inclusion for clinical trials.
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###### Clinico-pathological characteristics of 2145 patients treated with RC for UCB with pT1-T3N0 disease, stratified according to the development and external validation cohorts

  **Characteristics**                               **Development cohort (*****n*****=1067)**   **Validation cohort (*****n*****=1078)**
  ------------------------------------------------ ------------------------------------------- ------------------------------------------
  *Age (years)*                                                                                
   Mean                                                               66.2                                        65.9
   Median                                                             67.3                                        66.6
   Range                                                             30--91                                      30--89
                                                                                                                    
  *Gender (*n*, %)*                                                                            
   Female                                                          229 (21.5)                                  207 (19.2)
   Male                                                            838 (78.5)                                  871 (80.8)
                                                                                                                    
  *Centre (*n*, %)*                                                                            
   1                                                               670 (62.8)                                       
   2                                                               159 (14.9)                                       
   7                                                                92 (8.6)                                      ---
   8                                                                51 (4.8)                                        
   11                                                               95 (8.9)                                        
   3                                                                                                           278 (25.8)
   6                                                                                                           104 (9.6)
   9                                                                   ---                                      86 (8.0)
   10                                                                                                          461 (42.8)
   12                                                                                                          149 (13.8)
                                                                                                                    
  *Pathological T stage (*n*, %)*                                                              
   T1                                                              295 (27.6)                                  228 (21.2)
   T2                                                              411 (38.5)                                  417 (38.7)
   T3                                                              361 (33.8)                                  433 (40.2)
                                                                                                                    
  *Tumour grade (*n*, %)*                                                                      
   I--II                                                           589 (55.2)                                  298 (27.6)
   III                                                             478 (44.8)                                  780 (72.4)
                                                                                                                    
  *Number of nodes examined*                                                                   
   Mean (median)                                                     26 (22)                                    19 (17)
   Range                                                             0--104                                      0--80
                                                                                                                    
  LVI (*n*, %)                                                     269 (25.2)                                  318 (29.5)
  Soft tissue positive surgical margins (*n*, %)                    44 (4.1)                                    16 (1.5)
  Concomitant CIS (*n*, %)                                         545 (51.1)                                  508 (47.1)
  Follow-up (median, IQR)                                       48.7 (19.7--87.7)                          43.8 (18.8--85.1)

Abbreviations: CIS=carcinoma *in situ*; IQR=interquartile range LVI=lymphovascular invasion; RC=radical cystectomy; UCB=urothelial carcinoma of the bladder.

###### Univariable and multivariable Cox regression models for prediction of recurrence and predictive accuracy estimates of recurrence-free survival predictions at 2, 5, and 7 years in 2145 patients with T1--T3N0 UCB treated with RC

                                                                   **Multivariable**                      
  -------------------------------------- ------ ----------- ------ ------------------- ----------- ------ -----------
  *Pathological T stage*                                                                                  
   T1                                    1.00   Reference          1.00                Reference   1.00   Reference
   T2                                    1.19   0.3         62.3   0.98                0.9         1.06   0.7
   T3                                    2.68   \<0.001            1.96                0.003       2.15   \<0.001
  Lymphovascular invasion                2.56   \<0.001     60.1   2.18                \<0.001     2.18   \<0.001
  Positive soft tissue surgical margin   2.32   \<0.001     51.9   2.04                0.002       2.07   0.001
  Tumour grade (III)                     1.68   0.002       55.2   0.92                0.6         ---    ---
  Number of nodes (cont. coded)          0.99   0.09        53.3   1.00                0.2         ---    ---
  Concomitant CIS                        0.90   0.4         51.2   1.04                0.8         ---    ---
  Age (cont. codes)                      1.01   0.04        55.2   1.00                0.5         ---    ---
  Gender (male)                          1.11   0.5         50.2   1.16                0.3         ---    ---
                                                                                                           
  *C-index*                                                                                               
   2-Year recurrence-free survival                                 64.9                67.4               
   5-Year recurrence-free survival       ---    ---         ---    61.9                65.0               
   7-Year recurrence-free survival                                 62.2                64.4               

Abbreviations: AUC=area under the curve; CIS=carcinoma *in situ*; HR=hazard ratio; RC=radical cystectomy; UCB=urothelial carcinoma of the bladder.

###### Univariable and multivariable Cox regression models for prediction of cancer-specific mortality and predictive accuracy estimates of CSS predictions at 2, 5, and 7 years in 2145 patients with T1--T3N0 UCB treated with RC

                                                                   **Multivariable**                      
  -------------------------------------- ------ ----------- ------ ------------------- ----------- ------ -----------
  *Pathological T stage*                                                                                  
   T1                                    1.00   Reference          1.00                Reference   1.00   Reference
   T2                                    1.25   0.2         64.5   1.00                1.0         1.11   0.6
   T3                                    3.10   \<0.001            2.22                0.001       2.49   \<0.001
  Lymphovascular invasion                2.52   \<0.001     60.3   2.52                \<0.001     2.07   \<0.001
  Positive soft tissue surgical margin   2.51   \<0.001     52.2   2.07                0.005       2.21   0.001
  Tumour grade (III)                     1.63   0.001       57.2   0.88                0.5         ---    ---
  Number of nodes (cont. coded)          1.00   0.2         51.9   1.00                0.4         ---    ---
  Concomitant CIS                        0.92   0.5         50.2   1.10                0.5         ---    ---
  Age (cont. coded)                      1.02   0.004       57.3   1.01                0.1         ---    ---
  Male gender                            1.07   0.7         50.9   1.11                0.5         ---    ---
                                                                                                           
  *C-index*                                                                                               
   2-Year CSS                                                      67.7                69.3               
   5-Year CSS                            ---    ---         ---    64.5                66.4               
   7-Year CSS                                                      65.0                65.5               

Abbreviations: AUC=area under the curve; CIS=carcinoma *in situ*; CSS=cancer-specific survival; HR=hazard ratio; RC=radical cystectomy; UCB=urothelial carcinoma of the bladder.
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